Abstract. Whether masked number priming involves a low-level sensorimotor route or an amodal semantic level of processing remains highly 9 debated. Several alternative interpretations have been put forward, proposing either that masked number priming is solely a byproduct of practice 10 with numbers, or that stimulus awareness was underestimated. In a series of four experiments, we studied whether repetition and congruity 11 priming for numbers reliably extend to novel (i.e., unpracticed) stimuli and whether priming transfers from a visual prime to an auditory target, 12 even when carefully controlling for stimulus awareness. While we consistently observed cross-modal priming, the generalization to novel stimuli 13 was weaker and reached significance only when considering the whole set of experiments. We conclude that number priming does involve an 14 amodal, semantic level of processing, but is also modulated by task settings.
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17
What is the depth of processing of subliminal stimuli? While 18
there is now little disagreement regarding the existence of 19 unconscious perceptual processes, the participation of higher 20 levels remains somewhat controversial (see Kouider In this study, we will address these aspects in the number 35 domain which, as we shall review below, has been more 36 promising than the domain of words in providing some evi-37 dence in favor of subliminal processing at higher levels of 38 processing. In particular, we will test, through a cross-modal 39 manipulation, whether subliminal number priming extends 40 beyond perceptual domains. Before presenting our study, 41 we review some of the key issues that have been outlined 42 as confounds in demonstrating subliminal semantic priming. 43 The very existence of subliminal perception has 44 remained controversial since the very first days of experi-45 mental psychology (see . After 46 more than a century of research, full of replication failures, 47 experimental artifacts, and awareness underestimation 48 issues, two independent studies provided several methodo-49 logical improvements allowing for an unequivocal demon-50 stration of subliminal influences (Dehaene et al., 1998 ; 51 Greenwald, Draine, & Abrams, 1996) . Greenwald and 52 colleagues used an affective evaluation task where subjects 53 classified target words as pleasant (e.g., ''happy'') or 54 unpleasant (e.g., ''vomit''), and these words were preceded 55 either by a congruent prime (i.e., a word from the same 56 category, such as ''love'' preceding the target ''happy'') or 57 by an incongruent prime (''vomit'' preceding ''happy''). 58 Subjects were faster for congruent trials compared to incon-59 gruent trials, even under conditions where they could not 60 perform the affective evaluation on the prime, evidencing 61 a semantic congruity priming effect in the absence of aware-62 ness. Dehaene and colleagues provided a similar demonstra-63 tion in the number domain. In their study, subjects were 64 asked to classify target numbers, presented as written word 65 forms or in Arabic notation, as either smaller or larger than 66 5. These visible numbers were preceded by masked number 67 primes that were also smaller or larger than 5 but that partic-68 ipants were unable to consciously detect. Subjects were fas-69 ter when both the prime and the target belonged to the same 70 category than when they belonged to opposite categories. In 71 addition, using fMRI and ERPs, they found that subliminal 72 stimuli can not only elicit a behavioral influence, but also 73 neural activity in the motor cortex due to response competi-74 tion. In addition, cross-notation (e.g., from Arabic digit to 75 number word) repetition suppression was also observed in 76 the bilateral intraparietal cortex, a region associated with 77 semantic-level number processing (Naccache & Dehaene, 78 2001a) . Thus, by the end of the second millennium, the 79 issue of the existence of unconscious perception appeared 80 to be resolved with a positive outcome. 81 Nevertheless, it did not take long before other studies 82 (Abrams & Greenwald, 2000; Damian, 2001 ) revealed that 83 congruity effects, although they appear to be genuinely sub-84 liminal, could be totally reframed and subsumed a nonse-85 mantic interpretation. Because the two former studies by 86 Dehaene et al. (1998) and Greenwald et al. (1996) used a 87 restricted set of stimuli appearing several times both as 88 primes and as targets, response congruity effect could be as 89 well reflecting conflicting stimulus-response associations 90 (e.g., the prime 4 has been previously associated with the left 91 hand, while the prime 9 has been associated with the right 92 hand, resulting in a motor response conflict) rather than com-93 petition between semantic categories. Damian (2001) asked 94 subjects to classify words in terms of the physical size of 95 the object they represented in reference to a 20 · 20 cm 96 frame (e.g., ''spider'' was smaller while ''house'' was larger). 97 Damian found that subliminal congruity effects were 98 restricted to practiced primes, that is to prime stimuli that 99 have previously been mapped to a response during the exper-100 iment. Unpracticed primes did not give rise to any congruity 101 effect. Damian (2001) 
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Procedure and Design
250
On each trial, participants received a fixation cross, a for-251 ward mask, a prime, a backward mask, and a target (see 252 Figure 1 ). The fixation cross appeared for 200 ms. The 253 prime stimuli were presented only visually as Arabic or writ-254 ten word forms and for a 43 ms duration. The two masks 255 temporally surrounded the prime differently during the 256 masked and unmasked trials. For masked trials, the masks 257 were presented for a duration of 57 ms (four screen refresh 258 cycles). However, for unmasked trials, the prime was not 259 directly surrounded by the masks (see Figure 1) . Instead, 260 it was surrounded by blank screens presented for 29 ms 261 (two cycles) which were themselves surrounded by masks 262 also presented for 29 ms. This procedure has the advantage 263 of making the primes highly visible in these unmasked trials, 264 as if they were popping out from the visual stream, while it 265 also allowed us to keep the prime duration and the prime-266 target interval identical for both types of trials. During each 267 trial, the backward and forward masks differed from each 268 other and were constructed online by the experimental pro-269 gram. Following the backward mask, the target stimuli 270 could appear in one of the three formats (as Arabic digit 271 such as ''6'', as a French written word such as ''six'', or 272 as a French auditory word /sis/). The prime was always a 273 visual stimulus appearing either as an Arabic digit or as a 274 written word. For trials with a visual target, the target dura-275 tion was 200 ms. For auditory numbers, participants were 276 presented with the auditory target along with a third visual 277 mask consisting in a row of 6 hash marks (######) and pre-278 sented for 200 ms. This third mask was used because the 279 preceding short backward mask on its own (i.e., without a 280 visual target) was not strong enough to prevent prime visi-281 bility in the masked cross-modal trials (see Kouider & 282 Dupoux, 2001 ). Thus, a trial could be masked or unmasked, 283 and it could be within-notation (e.g., 6 ! 6, SIX ! SIX), 284 cross-notation (e.g., 6 ! SIX, SIX ! 6), or cross-modal 285 (e.g., 6 ! /sis/, SIX ! /sis/). 286 The experiment consisted in four successive blocks of 287 216 trials separated by a short break. Each block comprised 288 either masked or unmasked trials. The order of the blocks 289 could be either masked ! unmasked ! unmasked ! 290 masked, or it could be unmasked ! masked ! masked 291 ! unmasked. Whether subjects received the former or the 292 latter block order was systematically alternated from one 293 participant to the other. In addition, a separate small block 294 of 12 training trials was performed prior to each block. In 295 previous experiments (e.g., Dehaene et al., 1998) , the exper-296 imental list was usually based on the full combination of the 297 four primes and four targets, resulting in twice more incon-298 gruent trials than repetition or congruent (unrepeated) trials 299 taken separately. Here, because we were as interested in 300 repetition priming (especially in the cross-modal condition) 301 as in congruity priming, we equated the proportion of 302 repetition, congruent, and incongruent trials (i.e., one third 303 of the trials for each type of relation). We also ensure that 304 participants received the same proportion of within-notation, 305 cross-notation, and cross-modal trials, as well as the same 306 proportion of primes corresponding to an Arabic digit or 307 to a written word. 308
Participants were told that they would see or hear a target 309 number between 1 and 9 (excluding 5), and that they would 310 have to compare it to a fixed standard of 5. They were 311 informed that prior to the target number, they would see 312 some illegal letter strings and, on some trials (i.e., unmasked 313 trials), a number flashed very briefly. They were instructed 314 to ignore these preceding stimuli and concentrate only on 315 the last event to perform the comparison task appropriately. 316
Participants were instructed to make this decision as quickly 317 and as accurately as possible. Performance was measured 318 from a two-button response box in which participants used 319 the left hand for numbers below 5 and the right hand for 320 numbers above 5. Participants were forced to respond within 321 1,500 ms after the target onset, following which the next 322 trial started with the fixation cross. The whole protocol for 323 the main experiment lasted about 35 min. 324
Immediately after the main experiment, participants were 325 explained that a number (i.e., the prime) actually preceded 326 the target on each trial since the very beginning of the exper-327 iment. They were then instructed to perform the same task 328 as in the main experiment (i.e., comparison to 5) now on 329 the prime and not on the target. Participants were instructed 330 that they should focus primarily on accuracy, not on speed, 331 and that they could now take as long as they wanted to 332 respond. In order to familiarize participants with the new 333 task, they first received a series of training trials (N = 12) 334 where the prime was displayed for 200 ms under the same 335 procedure as for masked trials. Then, they received two 336 blocks of 64 trials randomly selected, both with the prime 337 duration set back to normal speed (i.e., 43 ms) but with 338 one block consisting of masked trials while the other was 339 constituted of unmasked trials. The block order (masked tri-340 als first or unmasked trials first) was alternated from one par-341 ticipant to the other. In addition, each of these two blocks 342 was preceded by another 12 training trials with the same 343 respective display parameters.
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Results and Discussion
Priming
346
Incorrect responses (12.75%) and reaction times (RTs) 347 shorter than 100 ms (0.67%) or longer than 1,000 ms 348 (0.52%) were excluded from the RT analysis. We first per-349 formed a 2 · 3 · 3 analysis of variance (ANOVA) on med-350 ian RTs by subject and by condition with the factors 351 masking type (masked vs. unmasked), format change 352 (within-notation, cross-notation, and cross-modal), and rela-353 tion (repetition, nonrepeated congruent, and incongruent). In the analysis below, we refer to global priming (i. and, in addition, with congruity priming, F(2, 20) = 3.72, 382 p < .05. These interactions with format change resulted from 383 the fact that global priming for cross-modal trials was higher 384 than for both within-notation, F(1, 10) = 7.48, p < .05, and 385 cross-notation trials, F(1, 10) = 11.62, p < .01, and 386 from the fact that similarly congruity priming was also 387 significantly higher for cross-modal trials compared to both 388 within-notation, F(1, 10) = 5.87, p < .05, and cross-notation 389 trials, F(1, 10) = 7.00, p < .01. 390 We then split our analysis to separately study repetition 391 and congruity priming as a function of masking type. The 392 two types of priming were significant both for unmasked tri-393 als (repetition priming: F(1, 10) = 13.55, p < .005 and con-394 gruity priming: F(1, 10) = 21.15, p < .001) and, crucially, 395 for masked trials (repetition priming: F(1, 10) = 27.29, 396 p < .0005 and congruity priming: F(1, 10) = 47.24, 397 p < .0001). Considered now separately as a function of 398 masking type, none of the interactions between priming 399 and format change described above reached significance, 400 except for a greater masked congruity effect for cross-modal 401 trials compared to cross-notation trials, F(1, 10) = 5.62, 402 p < .05. Note also that unmasked repetition priming was 403 also marginally greater for cross-modal compared to cross-404 notation trials, F(1, 10) = 4.01, p = .07. 405 Finally, we further restricted our comparisons to priming 406 effects as a function of both format change and masking 407 type. This resulted in 12 contrasts that were all significant, 408 except for one (unmasked cross-notation repetition priming) 409 which fell short of significance (p = .07) (the detailed results 410 are the following: unmasked within-notation repetition prim-411 ing, F(1, 10) = 8.06, p < .05; unmasked within-notation 412 congruity priming, F(1, 10) = 27.47, p < .0005; masked 413 within-notation repetition priming, F(1, 10) = 6.18, 414 p < .05; masked within-notation congruity priming, 415 F(1, 10) = 27.78, p < .0005; unmasked cross-notation repe-416 tition priming, F(1, 10) = 4.1365, p = .07; unmasked cross-417 notation congruity priming, F(1, 10) = 8.45, p < .01; 418 masked cross-notation repetition priming, F(1, 10) = 419 14.12, p < .005; masked cross-notation congruity priming, 420 F(1, 10) = 11.83, p < .01; unmasked cross-modal repetition 421 priming, F(1, 10) = 17.00, p < .005; unmasked cross-modal In addition, this new measure allowed to deal with a potential confound that might, conversely, overestimate prime visibility. Indeed, the inclusion of an equal number of repetition trials leads to a higher proportion of congruent trials collapsed across repeated and nonrepeated prime-target pairs. Thus, there were more trials in which response to the prime and response to the target were the same. As such, a participant who does not see any of the primes, but who responds on the basis of the magnitude of the target, that participant would actually be better than chance on the prime visibility measure used in Experiment 1. The new visibility measure performed in Experiment 2 allows to avoid this confound since the identity of the target becomes irrelevant in the 2-AFC task.
WithinNotation
CrossNotation
CrossModal
WithinNotation
CrossNotation
CrossModal
Experiment 2
496
Method
497
Participants
498
Fifteen students were recruited from Paris universities to 499 take part in this experiment. None of them participated in 500 the previous experiment.
501
Stimuli, Procedure, and Design
502
The same procedure and the same type of masking, and num-503 ber stimuli were used in this experiment, except with the fol-504 lowing three main aspects: First of all, the set of numbers from 505 the previous experiment (i.e., 1, 4, 6, and 9) was extended to 506 include 2, 3, 7, and 8 presented only as Arabic digit or written 507
words. The former set of numbers could be presented as 508 primes and as target, and then constituted the practiced set, 509 while the latter set constituted the unpracticed set presented 510 only in the prime position and thus never in the target position. 511
Consequently, the priming experiment consisted in four 512 blocks of 288 trials (instead of 216 trials in Experiment 1). 513
Each block included 96 ''unpracticed'' trials (i.e., trials with 514 an unpracticed prime) and 192 ''practiced'' trials. The whole 515 protocol for the main experiment now lasted about 50 min. 516
Secondly, the response deadline was extended from 1,500 517 to 2,000 ms, as it might have been too pressuring and 518 decrease performance considerably in the previous experi-519 ment. Thirdly, the procedure for the visibility measure follow-520 ing the priming experiment was modified to become a 2-AFC 521 task. The trial structure was exactly the same as in the priming 522 experiment, except that the target (or the third mask in case of 523 cross-modal trials) was immediately followed by the simulta-524 neous presentation of a pair of choices, one on the left side and 525 the other on the right side of the screen. One alternative corre-526 sponded to the prime whereas the other alternative was a dif-527 ferent and randomly chosen number between 1 and 9 528 (excluding 5). Both alternatives appeared in the same format 529 (i.e., both as Arabic digits or as written words). Participants 530 were instructed to choose which of the two alternatives corre-531 sponded to the prime within the preceding sequence of events. 532
They responded by pressing the left button if the correct alter-533 native was on the left side and with the right button if it was on 534 the right side. They were told that only response accuracy, not 535 response speed, was important. The two alternatives remained 536 on the screen until a response was made. As in the previous 537 experiment, participants received training sessions with 538 200 ms primes and then at normal speed, and the same num-539 ber of experimental trials (N = 64 for each masking type).
540
Results and Discussion
Priming
542
The rate of incorrect responses was now 6.12% (vs. 12.75% 543 in Experiment 1), confirming that extending the response 544 deadline improved performance. We first ran a global 545 ANOVA, similarly to the previous experiment, with the fac-546 tors masking type, format change, and relation (collapsed 547 across practiced and unpracticed primes). We observed main 548 effects of relation, F(2, 28) = 151.17, p < .0001, and format 549 change, F(2, 28) = 6.39, p < .01. The effect of relation inter-550 acted both with masking type, F(2, 28) = 19.36, p < .0001, 551 and with format change, F(4, 56) = 3.81, p < . 01. Further 552 analyses focused on the relation factor and were performed 553 separately for trials with practiced and unpracticed primes. 554 We started by focusing on priming for practiced primes 555 (see Figure 4) and separated unmasked and masked trials. 556 For unmasked trials (collapsed across format change), 557 we observed a significant effect of priming for both repeti-558 tion priming, F(1, 14) = 35.25, p < .0001, and congruity 559 priming, F(1, 14) = 32.74, p < .0001. Further restric-560 tions to each format change revealed within-notation 561 repetition, F(1, 14) = 13.38, p < .005, and congruity 562 priming, F(1, 14) = 19.27, p < .001, cross-notation 563 repetition, F(1, 14) = 34.49, p < .0001, and congruity 564 priming, F(1, 14) = 21.60, p < .0005, and cross-modal rep-565 etition, F(1, 14) = 16.85, p < .005, and congruity priming, 566 F(1, 14) = 15.12, p < .005. We also observed that repetition 567 priming was significantly larger for cross-modal trials com-568 pared to within-notation trials, F(1, 14) = 5.10, p < .05. For 569 masked trials there were significant effects for both repeti-570 tion priming, F(1, 14) = 7.028, p < .05, and congruity 571 priming, F(1, 14) = 26.15, p < .0005. When we further 572 restricted our comparisons to each format change, we found 573 for within-notation trials an effect of congruity priming, 574 F(1, 14) = 20.47, p < .0005, but surprisingly no significant 575 effect for repetition priming. This was also true for cross-576 notation trials for which we only observed congruity prim-577 ing, F(1, 14) = 10.30, p < .01. By contrast, cross-modal 578 trials led to both congruity priming, F(1, 14) = 12.49, 579 p < .005, and repetition priming, F(1, 14) = 8.10, p < .05. 580 Furthermore, we observed that the repetition priming advan-581 tage for cross-modal trials compared to both within-notation 582 and cross-notation trials felt short of significance in both 583 cases (ps = < .10). 584 We then turned to congruity priming for unpracticed 585 primes (see Figure 5) . For those trials, we observed a global 586 congruity priming effect, F(1, 14) = 23.95, p < .0005, 587 which interacted with masking type, F(1, 14) = 7.67, 588 p < .05. This interaction resulted from the fact that priming 589 was significant for unmasked trials, F(1, 14) = 24.27, 590 p < .0005, but not for masked trials (p = .14). Further 591 restrictions revealed priming for unmasked within-notation, 592 F(1, 14) = 8.76, p < .05, and cross-notation trials, 593 F(1, 14) = 11.16, p < .005, and a marginally significant 594 effect for cross-modal trials, F(1, 14) = 4.23, p = .06. For 595 masked trials, no effect of congruity priming reached signif-596 icance when restricting our comparisons to any of the format 597 change.
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Prime Visibility 599 Participants' performances on the visibility measure were 600 74.0% for unmasked trials and 58.7% for masked trials. Figure 6 , the intercept of the regression was significant 626 (32 ms; t(14) = 3.992, p < .005) when collapsing across Figure 4 . Average RTs for practiced trials (i.e., trials with a practiced prime) in Experiment 2. 
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670
The stimuli, procedure, and design were exactly the same as 671 for Experiment 2 when excluding the two blocks with 672 unmasked trials. Thus, this experiment was about half the 673 duration of the previous one because it contained only 674 two blocks of stimuli with masked trials. priming extrapolated to null performance was significant 707 as a whole (24 ms; t(14) = 3.632, p < .005) and when 708 restricted to practiced trials (31 ms; t(14) = 4.542, 709 p < .001) but not when restricted to unpracticed trials 710 (3 ms; t < 1). 711
675
Results and Discussion
In sum, the exclusion of unmasked trials in this third 712 experiment did not improve the observation of congruity 713 effects for novel primes. These were still absent, contrary 714 to congruity effect for practiced primes. Note also that, as 715 in Experiment 1 and contrary to Experiment 2, the contribu-716 tion of repetition trials to masked priming was now highly 717 significant. Interestingly, and in accordance with the expla-718 nation proposed in the discussion of Experiment 2, the 719 occurrence of repetition priming was accompanied with a 720 weaker congruity priming effect (for practiced primes) in 721
Experiment 3 compared to Experiment 2. The repeated 722 absence of congruity effects for novel primes, even if we 723 could sometimes observe small nonsignificant trends, is 724 problematic for semantic interpretations of subliminal num-725 ber priming. Yet, the recurrent observation of a masked 726 cross-modal effect suggests that subliminal processing 727 extends beyond the perceptual level. Before discussing fur-728 ther the implication of these findings, we wanted to ensure 729 that the cross-modal effect did not result from residual prime 730 awareness. Indeed, masked cross-modal priming was consis-731 tently higher than within-notation and cross-notation prim-732 ing in the previous experiment. However, d 0 values were 733 also consistently higher for cross-modal trials, although this 734 difference was significant only in Experiment 2. Therefore, 735
we decided to run a fourth experiment with a different back-736 ward masking procedure for cross-modal trials. Piloting 737 work revealed that replacing the series of hash marks 738 (e.g., ######) serving as a final backward mask (see Figure  739  1 ) with another random letter string (e.g., FTfVkG) consid-740 erably reduced prime visibility. 
749
The stimuli, procedure, and design were exactly the same as 750 for Experiment 3 with one exception: the third mask during 751 cross-modal trials, rather than being a series of hash marks 752 (e.g., ######), was now another combination of 6 upper-753 and lower-case consonant letters (e.g., FTfVkG) constructed 754 along the same principle as for the other masks.
755
Results and Discussion that priming extrapolated to null performance reached sig-778 nificance as a whole (13 ms; t(21) = 4.56, p < .0005) and 779 also for practiced (17 ms; t(21) = 3.68, p < .005) but not 780 for unpracticed trials although there was a trend of 7 ms 781 (p = .11).
782
General Discussion
783
The present study was aimed at examining two markers of 784 the depth of subliminal number priming. One was the possi-785 bility of a subliminal transfer from the visual to the auditory 786 modality, suggesting that subliminal number priming extends 787 beyond the perceptual level. The other was the robustness of 788 generalization to novel numbers, suggesting further that sub-789 liminal number priming necessarily involves semantic attri-790 butes. We performed four experiments in order to test these 791 two hypotheses. In regard to transfer across modalities, we 792 consistently found masked cross-modal priming across the 793 four experiments. In addition, the improved masking method 794 used in Experiment 4 showed that it genuinely reflected a 795 subliminal effect that cannot be explained as resulting from 796 a residual form of stimulus awareness. By contrast, the 797 results we found for novel primes were much weaker and 798 lead to an ambiguous interpretation. Indeed, on the one side, 799 none of the three experiments containing novel primes 800 (Experiments 2-4) showed a robust and significant effect 801 of generalization. On the other side, we consistently observed 802 small trends in the expected direction. As such, it remains 803 difficult to interpret these effects, and more fundamentally 804 their participation in subliminal priming. 805 In order to deal with this ambiguous outcome, we further 806 performed two global analyses, one collapsing all the 807 masked trials with practiced primes from the four experi-808 ments reported in this study, and the other one collapsing 809 all the masked trials with unpracticed primes (thus excluding 810 Experiment 1). For practiced trials, we observed a main 811 effect of repetition priming of 13 ms, F(1, 62) = 49.31, 812 p < .0001, and a main effect of congruity priming of 813 22 ms, F(1, 62) = 71.10, p < .0001. When considering 814 these two effects as a function of the three conditions of for-815 mat change, we observed highly significant effects in the six 816 resulting contrasts (all ps < .001). For unpracticed primes, 817 we observed a much smaller main effect of congruity of 818 6 ms which, nevertheless, was statistically significant, 819 F(1, 51) = 6.91, p < .02. When considering this main effect 820 as a function of notation change, it reached significance 821 for within-notation trials, F(1, 51) = 4.41 p < .05, but not 822 for cross-notation trials, F(1, 51) = 0.53 p = .46, or cross-modal trials, F(1, 51) = 2.10 p = .15. Importantly, as 824 depicted in Figure 13, 891 that apparently inconsistent data patterns in subliminal prim-892 ing might be explained by considering that subjects prepare 893 action triggers in order to quickly associate each possible 894 experimental stimulus with its appropriate response in min-895 imal time. The setting of action triggers happens during the 896 instructions or practice phase and depends on the stimulus 897 set size, as it is efficient only for narrow categories (e.g., 898 Arabic numbers from 1 to 9). According to this account, 899 even novel primes (e.g., 2 and 3) may prime the appropriate 900 response not because the meaning of these primes has been 901 extracted, but rather because the adequate response to these 902 stimuli was consciously prepared in advance. Consequently, 903 according to this interpretation, the absence or presence of 904 priming for novel stimuli will depend on participants' exact 905 interpretation of the instructions and on their expectations 906 that these novel stimuli will be presented during the exper-907 iment. In our study, it is possible that participants did not 908 prepare action triggers efficiently because they were faced 909 with three formats (Arabic, written words, and auditory 910 word), leading to a rather large set of possible triggers. 911 We suspect that these factors do contribute to the weaker 912 and somewhat variable priming effects observed with novel 913 primes, compared to the strong effects consistently observed 914 with practiced primes, although recent research clearly indi-915 cates that it cannot be the whole story as priming can be 916 observed with unpracticed primes even when very large 
